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Abstract
The purpose of the Long–Baseline Neutrino Experiment is to make measurements of
neutrino oscillations. The stopped muon monitors are one part of the experiment, and
are designed to measure absolute flux and composition of the tertiary muon beam. The
detectors operate by detecting µ+ decay in an interior water volume, and 12B decay
produced by µ− capture on a graphite shell. The design of the stopped muon monitors is
simulated with a Monte Carlo software package called Geant 4. The detector’s response to
µ+, µ−, 12B, as well as fast and thermal neutron backgrounds are reviewed and analysed.
The inability of the stopped muon monitor to detect most 12B decays, as well as the
overlap in signal of neutron interactions and 12B decay, require design modifications. The
graphite shell is removed and should be exchanged for a neutron shielding material, while
the water volume should be replaced with mineral oil. A scintillating veto is also included
to identify events which originate, and are fully contained by the mineral oil. Follow-up
simulations indicate that the 12B signal is significantly improved and the scintillating veto
may be able to identify fully contained events.
Contents
1 Introduction 1
1.1 Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
2 Neutrino Oscillations 3
2.1 Neutrinos in Mass and Flavor Bases . . . . . . . . . . . . . . . . . . . . . 3
2.2 The PMNS Neutrino Mixing Matrix . . . . . . . . . . . . . . . . . . . . . 5
2.3 Charge-Parity Violation and Mass Effects . . . . . . . . . . . . . . . . . . 7
3 The Long-Baseline Neutrino Experiment 8
3.1 Accelerator Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
3.2 LBNE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.3 The Muon Alcove . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
4 The Stopped Muon Monitor Design and Simulation 17
4.1 The Stopped Muon Monitor . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.2 Geant 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
5 Simulations of the Stopped Muon Monitor 22
5.1 Checking Physical Processes . . . . . . . . . . . . . . . . . . . . . . . . . 22
5.2 Simulations using the CDR Design . . . . . . . . . . . . . . . . . . . . . 27
5.3 Issues with the CDR Design of the SMM . . . . . . . . . . . . . . . . . . 30
5.4 Simulations with the Revised Design . . . . . . . . . . . . . . . . . . . . 33
5.4.1 Light Yield Changes . . . . . . . . . . . . . . . . . . . . . . . . . 33
5.4.2 Veto Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
5.5 Additional Neutron Background . . . . . . . . . . . . . . . . . . . . . . . 40
6 LBNE Simulations and Future Analysis 42
6.1 G4LBNE Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
6.2 Future Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
i
7 Conclusion 46
ii
List of Figures
2.1 The two possible options for mass hierarchy, NH (a) and IH (b), depending
on the sign of ∆m232. This scale shows only the differences in masses. It
does not show the bottom of the scale since neutrino oscillations may only
measure mass differences and not absolute neutrino mass. There is a 95%
confidence level that
∑
j mj . (0.3− 1.3) eV/c2 putting the scale here in
the sub eV2/c4 [1]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.1 A simple diagram of the creation of the ν beam. Image taken from [2] . . 9
3.2 Mean rate of energy loss in different materials for different muon momen-
tum. Radiative effects such as Bremsstrahlung are not included. Plot
taken from [1] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.3 An aerial photon of Fermilab with markers for the future LBNE installa-
tions. Image taken from [2] . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.4 The side-view of the near site. The proton beam is angled down towards
the Homestake Mine in Lead, SD (to the left). Image taken from [2] . . . 13
3.5 The liquid-argon time projection chamber to be used at the Homestake
mine. This detector will provide data on the composition of the neutrino
beam. Images taken from [3] . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.6 The layout of the Muon Alcove. Each muon detector measures a different
characteristic of the muon beam. For scale the distance between the and
of the absorber and the beginning of the blue blocks is approximately 6 m.
Image modified from [4] . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.7 The three types of muon detectors to be used in the Muon Alcove for
LBNE. Images taken from [4] . . . . . . . . . . . . . . . . . . . . . . . . 16
4.1 Two basic Feynman diagrams showing muon interactions. . . . . . . . . . 18
4.2 A top view of the Muon Alcove. The SMMs are laid out with a 5x5
cross of detectors at the first layer, followed by several three detector high
columns. Each layer is separated by a wall of shielding blue-blocks. Image
taken from [4] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
iii
4.3 Comparing the mass attenuation coefficient of Al for γ rays of two Geant
4 physics models (Low Energy [•]; Standard [◦]) against actual data taken
from the NIST database [—]. Image taken from [5] . . . . . . . . . . . . 21
5.1 The top and side view of the simulated SMM. Regions I, II, III, and IV
correspond to graphite, PMTs, water, and aluminum respectively. . . . . 23
5.2 The starting x and y-positions of all simulated µ+. It can be seen that the
positions are uniformly distributed throughout the volume. . . . . . . . . 24
5.3 The number of hits recorded at the PMTs (per 150,000 µ+ decays) vs z
and r2 positions. The radius is squared in order to accommodate greater
area being swept out as radius increases. . . . . . . . . . . . . . . . . . . 25
5.4 Comparison of signals from positive and negative muon decays. Zero hit
events are not included. . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
5.5 Comparison of signals from positive and negative muon decays including
zero hit events. The peak at zero corresponds to µ− capture on nuclei. . 26
5.6 The Geant 4 simulated 12B decay energy spectrum. The histogram has
been normalized so that sum of entries is 1. . . . . . . . . . . . . . . . . 27
5.7 The number of optical photons at PMTs for neutrons starting in the water
volume from 10 MeV to 10 eV. . . . . . . . . . . . . . . . . . . . . . . . 28
5.8 The number of optical photons at PMTs for neutrons starting in the water
volume from 10 MeV to 10 eV on a log scale. . . . . . . . . . . . . . . . 29
5.9 The number of optical photons at PMTs for µ+ uniformily distributed
through the entire detector volume. . . . . . . . . . . . . . . . . . . . . . 30
5.10 The number of optical photons at PMTs for 12B simulated throughout the
graphite volume of the SMM. . . . . . . . . . . . . . . . . . . . . . . . . 31
5.11 Position dependence of the number of hits detected vs z and r2 positions. 32
5.12 The number of optical photons at PMTs for 12B simulated throughout the
water volume of the SMM. . . . . . . . . . . . . . . . . . . . . . . . . . 32
5.13 The top and side view of the revised SMM. Regions I, II, III, IV, V corre-
spond to graphite, PMTs, mineral oil, the scintillating veto, and aluminum
respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
5.14 Simulations of 177,000 µ+ in water and Marcol 7. . . . . . . . . . . . . . 34
5.15 Simulations of 177,000 12B in water and Marcol 7. . . . . . . . . . . . . . 35
5.16 Simulations of 177,000 10 eV neutrons in water and Marcol 7. . . . . . . 35
5.17 Simulations of 177,000 µ+ in mineral oil with varying light yield. . . . . . 36
5.18 Simulations of 177,000 12B in mineral oil with varying light yield. . . . . 36
5.19 Simulations of 177,000 10 eV neutrons in mineral oil with varying light yield. 37
iv
5.20 Simulations of 10 MeV to 10 eV neutrons to see the effect of Marcol 7 on
the neutron background. Zero hit events are not included. . . . . . . . . 38
5.21 A comparison of 10 eV neutrons with 2.2 MeV photons, both histograms
do not inclue zero hit events. The region of overlap is the first part of the
neutron histogram. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
5.22 Part of the distibution of optical photons created in the scintillating veto. 39
5.23 Comparisons of all µ+ decays against the veto cut and the events which
started in the mineral oil. Events with zero hits are suppressed. . . . . . 40
6.1 Negative muon energy after the absorber with parentage information. . . 44
6.2 Negative muon energy after the absorber with parentage information. Ver-
tical log scale. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
6.3 Positive muon energy after the absorber with parentage information. . . 45
6.4 Positive muon energy after the absorber with parentage information. Ver-
tical log scale. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
v
List of Tables
2.1 A 2013 update on the status of experimental best fits for the neutrino
mixing parameters. Since the sign of ∆m231 is ambiguous, some parameters
have two rows for fits of the normal and inverted hierarchies. Data taken
from [6]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.1 The main decay modes for K and π, which are produced after the proton
beam collides with the target. This table also holds for all charges replaced
with their charge conjugates. The K0 is a superposition of 50 % K0S
and 50 % K0L. It can be seen that there are potential decays which may
contaminate the νµ beam in the form of νe, νµ, and νe. Data taken from [1] 10
5.1 A list of the simulated concentric cylinders used to construct the SMM.
Larger cylinders encapsulate the cylinders which are smaller. The height
of each cylinder spans one radius length above and one radius length below
the center of the detector. . . . . . . . . . . . . . . . . . . . . . . . . . . 23
vi
Chapter 1
Introduction
1.1 Context
The standard model of particle physics contains all of the particles which are currently
known and describes their interaction. This model has been highly successful in its
theoretical predictions when compared with experiment. However, there are still some
particle interactions which are not included within the framework of the standard model.
These interactions fall into the category of new physics. Describing the underlying phys-
ical processes which describe new physics is the next step expanding understanding of
sub-atomic physics. One example of new physics which goes beyond the standard model
focuses on one of the subgroups of particles called neutrinos, and the phenomenon of
neutrino mixing which is called neutrino oscillations.
Understanding of neutrino oscillations has increased in recent decades due to several
large scale neutrino measuring experiments. As a result, new detecting technologies are
constantly being designed, developed, and implemented which increase the sensitivity of
neutrino oscillation detection. The stopped muon monitor (SMM) is a proposed muon
detector which to be used in a next-generation accelerator neutrino experiment called
The Long-Baseline Neutrino Experiment (LBNE).
1.2 Overview
The purpose of this thesis is to present the methods and results associated with the pro-
posed SMM to be used at LBNE. The SMM is a new technology designed for normalizing
the tertiary µ beam, as well as measuring the beam composition. Chapter 2 covers the
necessary backgrounds to understand basic neutrino oscillation theory. Chapter 3 re-
views the operation of accelerator neutrino experiments, and gives an overview of LBNE.
Chapter 4 covers the design of the SMM and reviews the Monte Carlo software used to
1
simulate the SSM, Geant 4. Chapter 5 contains the the analysis of simulations based
on the original SMM design as well as simulations after design modifications. Chapter 6
gives a short summary of future work for analysis of LBNE simulations and how it relates
to the SMM. The final chapter is a short summary of the thesis.
2
Chapter 2
Neutrino Oscillations
2.1 Neutrinos in Mass and Flavor Bases
Neutrinos (ν) are elementary leptons with lepton flavors e, µ, and τ . They are half of the
elementary leptons which are described by the standard model (SM) and interact only
via the weak force. Though the SM has been shown to be accurate in its description of
most particle interactions, there are some observed interactions which do not fit within
the current model. This implies that the SM needs modification to incorporate new
underlying physical processes for which the current model does not account.
Each neutrino flavor is related to a charged lepton; anti–neutrinos correlate to the
anti-charged leptons. The neutrino flavor is defined by the charged lepton flavor pro-
duced when it interacts. Massless neutrinos imply that the flavors cannot change once a
neutrino is produced: if it interacts, it will always produce the associated charged lepton
or neutrino flavor. These properties require that lepton flavor is conserved from cre-
ation of a neutrino to production of the charged lepton. However, in 1968 B. Pontecorvo
pointed out that lepton flavor violation could exist within the current experimental limits
and if it existed, neutrino oscillations could be possible mechanism to describe it [7].
Neutrino oscillations are described by a transformation between two bases: the lepton
flavor basis να , α = e, µ, τ and the mass eigenstate basis νj , j = 1, 2, 3. The relation
shown may be thought of in terms of simple quantum mechanics. The following draws
from a similar derivation presented by C. Giunti [8].
|να〉 =
∑
j
U∗αj |νj〉 (2.1)
where U is a unitary matrix. Applying the Schro¨dinger equation for a free particle to
|νj〉 yields the result:
3
i
∂
∂t
|νj(t)〉 = Hˆ|νj(t)〉 = Ej|νj(t)〉 ⇒ |νj(t)〉 = e−iEjt|νj(t = 0)〉. (2.2)
Combining eqs. (2.1) and (2.2) it can be shown that:
|να(t)〉 =
∑
j
U∗αje
−iEjt|νj(t = 0)〉 =
∑
β=e,µ,τ
(
∑
j
U∗αje
−iEjtUβj)|νβ〉. (2.3)
Eq. (2.3) implies that after a neutrino with flavor α has been created at time t = 0,
it will evolve in time being a superposition of the leptonic flavors e, µ, and τ . The conse-
quence is neutrino oscillations as the neutrino travels in the mass basis. The probability
of oscillation from |να〉 to |νβ〉 is given by:
Pνα→νβ(t) = |〈νβ|να(t)〉|2 = |
∑
j
U∗αje
−iEjtUβj |2 =
∑
j,k
U∗αjUβjUαkU
∗
βke
i(Ej−Ek)t. (2.4)
Neutrino masses are on the order of 10−1 eV/c2. In order for the associated charged
lepton to be produced in an interaction, the energy of the neutrino must be much greater
than its mass; therefore, any observed neutrinos will be relativistic. Using natural units,
the energy of relativistic neutrinos may be written as:
Ej =
√
p2 +m2j ≃ E(1 +
m2j
2E2
) = E +
m2j
2E
⇒ Ej − Ek =
∆m2jk
2E
(2.5)
with E ≡ |~p| and ∆m2jk ≡ m2j −m2k.
Relativistic neutrinos allow for the approximation t ≃ L, with t being the time trav-
elled and L being the baseline or distance travelled by the neutrino. Combining the result
from eq. (2.4) with that from (2.5) the probability of neutrino oscillation Pνα→νβ may be
written as a function of L and E:
Pνα→νβ(L,E) =
∑
j,k
U∗αjUβjUαkU
∗
βke
i
∆m2
jk
L
2E . (2.6)
The end result indicates that the probability of neutrino flavor transmutation is de-
pendent upon the energy of the neutrino, as well as the distance travelled from creation
to detection.
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2.2 The PMNS Neutrino Mixing Matrix
The unitary matrix (UPMNS), which describes the rotation between bases, can be parametrized
by three mixing angles θ12, θ13, and θ23 as well as a phase factor δ relating to charge-parity
(CP ) violation [1].


νe
νµ
ντ

 = UPMNS


ν1
ν2
ν3


UPMNS =


c12c13 s12c13 s13e
−iδ
−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

 (2.7)
with cij = cos θij and sij = sin θij .
The three mixing angles and CP term are fundamental constants which may be deter-
mined by observing neutrino oscillations and fitting the data to the oscillation probability
predicted. Experiments which detect neutrinos are usually divided into four categories:
solar, atmospheric, reactor, and accelerator. Each category may make measurements for
specific oscillations depending on the flavors, energy, and travelling distance of neutrinos
created. Due to the processes involved, each type of experiment is usually sensitive to
a certain subset of the oscillation and mixing parameters. Solar experiments have been
used to make measurements of θ12 and ∆m
2
21. Atmospheric experiments are sensitive to
measurements of θ23 and ∆m
2
31. Reactor experiments have only recently confirmed that
θ13 6= 0 [6]. Only accelerator experiments are not dependent on the cut-off energies of
natural interactions due to neutrinos being produced via decays of mesons, whose energies
are determined by the experiment.
Remembering eq. (2.5), it may be shown that ∆m232 = ∆m
2
31 − ∆m221. This implies
that two of the ∆m2 may be independent while the third will be the difference between
the two. Since the sign of ∆m231 is still unknown there is ambiguity about whether
m1 < m2 < m3 or whether m3 < m1 < m2. [9]. The two possible outcomes are referred
to as the normal hierarchy (NH) and the inverted hierarchy (IH) shown in Figure 2.1.
The current experimental values for the mixing parameters are given in Table 2.1 [6].
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Figure 2.1: The two possible options for mass hierarchy, NH (a) and IH (b), depending on
the sign of ∆m232. This scale shows only the differences in masses. It does not show the
bottom of the scale since neutrino oscillations may only measure mass differences and not
absolute neutrino mass. There is a 95% confidence level that
∑
j mj . (0.3− 1.3) eV/c2
putting the scale here in the sub eV2/c4 [1].
parameter best fit ± 1σ 2σ 3σ
∆m221 [10
−5eV2/c4] 7.62± 0.19 7.27− 8.01 7.12− 8.20
∆m231 [10
−3eV2/c4]
2.53+0.08−0.10 2.34− 2.69 2.26− 2.77
−(2.40+0.10−0.07) −(2.25− 2.59) −(2.15− 2.68)
sin2 θ12 0.320
+0.015
−0.017 0.29− 0.35 0.27− 0.37
sin2 θ23
0.49+0.08−0.05 0.41− 0.62 0.39− 0.64
0.53+0.05−0.07 0.42− 0.62
sin2 θ13
0.026+0.003−0.004 0.019− 0.033 0.015− 0.036
0.027+0.003−0.004 0.020− 0.034 0.016− 0.037
δ
(0.83+0.54−0.64)π 0− 2π 0− 2π
0.07π
Table 2.1: A 2013 update on the status of experimental best fits for the neutrino mixing
parameters. Since the sign of ∆m231 is ambiguous, some parameters have two rows for
fits of the normal and inverted hierarchies. Data taken from [6].
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2.3 Charge-Parity Violation and Mass Effects
Charge–parity (CP ) transformations are described by the Cˆ and Pˆ operators. The op-
erator Cˆ is a transformation of all charges to their charge conjugates. The operator Pˆ
transforms all coordinates by switching signs, and results in a change of helicity of the
particle. CP violation implies that matter interactions and antimatter interactions be-
have differently. Understanding differences in how matter and antimatter behave may
help the development of modern theories which explain why the universe is made up
of matter rather than antimatter [10]. It should be noted that CP violation has been
observed in quarks by not yet in leptons [11].
CP violation may be directly measured by observation of neutrino oscillations and
anti–neutrino oscillations. If Pνα→νβ 6= Pν¯α→ν¯β , then CP has been violated. It should be
noted that if the neutrino is travelling through matter, mass effects create a CP violating
effect even if there is no intrinsic CP violation. [12]. The matter effect may be thought
of as a perturbation to the Hamiltonian from eq. (2.2). The resulting Hamiltonian may
be written as:
Hˆ = HˆFree + Hˆmatter (2.8)
with HˆFree ≡ UPMNS ∗


E1 0 0
0 E2 0
0 0 E3

 ∗ U †PMNS and Hˆmatter ≡


Vc 0 0
0 0 0
0 0 0

 .
Here Ei is the eigenstate energy for each mass state and Vc ≡
√
2GFNe(x), with
GF being the Fermi constant and Ne(x) is the electron density of the material. The
perturbation due to the mass effect may be calculated exactly, if the electron density of
the material is well understood. This allows the measured CP violation to be divided
into a precisely calculated mass term, and a term dependent on the CP–violating phase
δ. Therefore, δ may still be measured even while neutrinos travel through matter [13, 1]
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Chapter 3
The Long-Baseline Neutrino
Experiment
3.1 Accelerator Experiments
CP violation can be measured from accelerator experiments with sufficiently long base-
lines. The neutrino beam produced from accelerators is composed almost entirely of
muon neutrinos, making it ideal for measuring Pνµ→νe. This probability is written as [14]:
Pνµ→νe = PI(νµ→νe) + PII(νµ→νe) + smaller terms (3.1)
PI(νµ→νe) = sin
2 θ23 sin
2 2θ13 sin
2
(
∆m231L
4Eν
)
PII(νµ→νe) =
1
2
sin 2θ12 sin 2θ13 sin 2θ23 cos θ13 sin
(
∆m221L
2Eν
)
×
[
sin δ sin2
(
∆m231L
4Eν
)
+ cos δ sin
(
∆m231L
4Eν
)
cos
(
∆m231L
4Eν
)]
.
The second term PII(νµ→νe) contains both the θ13 and δ terms. Since the θ13 term is
included inside of a sin function, θ13 must be sufficiently large in order to make a fit for
δ. Using eq. (3.1), experiments may be designed that maximize oscillation probability
as a function of Eν and L. Using the best-fit oscillation parameters from other neutrino
oscillation experiments, the measured oscillation probability may be fit with the theoret-
ical probability to make a fit for δ. The oscillation probability is measured by comparing
8
Figure 3.1: A simple diagram of the creation of the ν beam. Image taken from [2]
the composition of the beam at creation with the composition of the beam a distance L
away.
Accelerator experiments produce neutrino beams from decays of secondary mesons
that are produced from a primary accelerated proton beam interacting with a stationary
target. For long-baseline experiments, the proton beam must be angled downward into
the earth to accommodate the arcing of the earth’s surface as the neutrino beam travels
beneath it. Secondary kaons (K) and pions (π) are produced from the proton-target
interactions. These mesons are ideal for creating a muon neutrino beam [15]. This is
the result of short lifetimes, τ ≤ 10−8s, as well as high branching ratios for decays which
produce muon neutrinos – see Table 3.1.
Immediately after production, the kaons and pions pass through a region of intense
toroidal magnetic field. This field is created by inducing high currents which flow through
a device called a horn. The magnetic field acts as a lens; focusing particles of one charge
while deflecting those of the other. The focusing serves to create a high-density flux of
same-charge mesons which decay to produce neutrinos and muons. In the case of a muon
neutrino beam, the positive mesons are focused. After focusing, the mesons travel down a
decay pipe. Though the mesons are relativistic, the majority decay while travelling down
the decay pipe. The result is a focused tertiary beam composed primarily of neutrinos
and muons. At the end of the decay pipe an absorber stops most of the particles that
are not neutrinos – See Figure 3.1. This technique for producing neutrino beams has
been used in many accelerator experiments, and is the technique which will be used in
the Long-Baseline Neutrino Experiment [16].
The absorber at the end of the decay pipe is able to quickly stop charged mesons
and baryons; the strong-nuclear interactions of these particles will dominate over electro-
magnetic and weak-nuclear interactions. Electrons and muons, however, are able to travel
9
Main K Decay Modes Main π Decay Modes
K+ → µ+ + νµ 63.55 % π+ → µ+ + νµ 99.99 %
K+ → π+ + π0 20.66 % π0 → γ + γ 98.82 %
K+ → π+ + π+ + π− 5.59 % π0 → e+ + e− + γ 1.17 %
K+ → π0 + e+ + νe 5.07 %
K+ → π0 + µ+ + νµ 3.35 %
K+ → π+ + π0 + π0 1.76 %
K0S → π+ + π− 69.20 %
K0S → π0 + π0 30.69 %
K0L → π± + e∓ + νe 40.55 %
K0L → π± + µ∓ + νµ 27.04 %
K0L → π0 + π0 + π0 19.52 %
K0L → π+ + π− + π0 12.54 %
Table 3.1: The main decay modes for K and π, which are produced after the proton
beam collides with the target. This table also holds for all charges replaced with their
charge conjugates. The K0 is a superposition of 50 % K0S and 50 % K
0
L. It can be seen
that there are potential decays which may contaminate the νµ beam in the form of νe,
νµ, and νe. Data taken from [1]
farther having interactions dominated by the electro-magnetic force. Muons interact
similarly to electrons, but are 200 times more massive, making them more difficult to
slow down. Accordingly, muons traverse more matter than other charged particles in the
beam. The amount of energy that a charged particle loses per unit length traversing a
material can be well approximated by the Bethe-Bloch equation:
−
〈
dE
dx
〉
= 4πNAr
2
emec
2z2
Z
A
1
β2
[
1
2
ln
2mec
2β2γ2Tmax
I2
− β2 − δ(βγ)
2
]
. (3.2)
Where: z is the integer multiple for the charge of the particle; Z and A are the atomic
number and mass of the material; I is the mean excitation energy of the material; γ and
β are the traditional relativistic quantities of the particle; Tmax is the maximum kinetic
energy a free electron can absorb in one collision; and δ(βγ) is a density term, unique
to the material. Figure 3.2 shows plot of the Bethe-Bloch equation for muons traversing
different materials. This equation is valid in the regime 1 & βγ . 1000; at higher values,
energy loss due to radiation starts to become relevant [1].
Energy loss for a muon is smallest in the hundreds of MeV momentum range. At higher
and lower energies, the energy loss is greater and the muon either quickly decelerates to
high MeV energies or comes to rest. As a result, in regions beyond the absorber, the
10
Figure 3.2: Mean rate of energy loss in different materials for different muon momentum.
Radiative effects such as Bremsstrahlung are not included. Plot taken from [1]
majority of particles are muons with MeV to low GeV energies. Beyond the absorber
muon detection is possible with lowered backgrounds from other charged particles in the
secondary and tertiary beams. The lowered background makes the post-absorber region
the only place where muon measurement may consistently be made. Muon detection may
include ionization chambers, scintillating calorimeters, time projection chambers (TPCs),
Cherenkov radiation detectors, or others depending on the layout of the experiment.
Most of the neutrinos produced in the beam result from two-body decays producing
a neutrino and the corresponding muon. It follows from kinematics that if the muon
beam characteristics are well understood, then characteristics of the neutrino beam may
be extrapolated. Many experiments will also include a near site neutrino detector as
well. Muon beam characteristics – such as beam normalization, composition, and energy
– need to be measured to search for oscillations between the near and far sites. Such a
procedure has been used on accelerator experiments in order to properly understand the
properties of the initial neutrino beam [16].
The far site detectors can use a number of different detector technologies such as scin-
tillating calorimeters, very large Cherenkov radiation detectors, and liquid-argon TPCs.
These detectors are usually placed underground to remove backgrounds like cosmic rays.
Backgrounds may be further reduced by making time-sensitive measurements. Events
that correspond in time with neutrino creation at the near site are seen as being cor-
related with those neutrinos. Due to the low interaction probability of neutrinos, the
detectors need to be large in mass in order to have a high probability of detecting neu-
trino interaction events. Data from interactions are used to determine the flavor and
energy of the observed lepton. Knowing the flavor of the lepton created in the interaction
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Figure 3.3: An aerial photon of Fermilab with markers for the future LBNE installations.
Image taken from [2]
is synonymous with knowing the flavor of the neutrino which interacted. From this a
measurement of the composition and energy of the neutrino beam at the far site may be
made.
3.2 LBNE
The Long-Baseline Neutrino Experiment (LBNE) is a next-generation accelerator-based
neutrino experiment which is currently in the research and development stage. The
primary scientific goals of LBNE, as currently proposed, are outlined as follows [2].
1. Make precision measurements of the parameters that govern νµ → νe
oscillations, including precision measurements of θ13 and if possible δ.
2. Determination of the mass hierarchy by measuring the sign of ∆m232.
3. Make precision measurements of θ23 and |∆m232|.
These measurements will be made by searching for νµ → νe appearance as well as νµ → νµ
disappearance. The same will be true for anti-neutrino beams, which are created by
focusing a secondary meson beam of opposite charge.
LBNE is proposed to have a 1,300 km baseline running from the near site at Fermilab
in Batavia, IL to the far site at the Homestake Mine in Lead, SD. The proton beam
will initially run at energies of 120 GeV. The proton beam is extracted from the main
accelerator and diverted to the LBNE portion of Fermilab, where it will be used for
creation of the neutrino beam – see Figure 3.3.
The extracted proton beam will be diverted to the target area. During this process,
the beam will be elevated and then angled 5.79◦ downwards before impinging on the
target. The angle of the beam establishes the path of the neutrinos through the earth
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Figure 3.4: The side-view of the near site. The proton beam is angled down towards the
Homestake Mine in Lead, SD (to the left). Image taken from [2]
to the Homestake Mine. The secondary mesons created by the proton-target interaction
will travel down a 668 m decay pipe to the absorber – see Figure 3.4. The Muon Alcove,
for muon detection and measurement, will be situated beyond the absorber.
The proposed far-detector at the Homestake Mine is a liquid-argon (LAr) TPC. Argon
was selected, since it is a heavy noble gas and free electrons are unlikely to be recaptured.
The high mass allows higher probability of neutrino interaction and production of charged
leptons. It will be constructed from two 20 kton cryostats, designed to maintain the argon
in a liquid state. Within each cryostat are sets of anode and cathode wire planes set par-
allel to the beamline – see Figure 3.5. The wires are kept at a potential difference in order
to create an electric field between the two planes. As a charged particle travels through
the argon, some of the argon atoms will be ionized, releasing electrons. The electrons
under the influence of the electric field will accelerate towards the anodes, ionizing more
argon as they travel. The anode wires are attached to readout electronics operating at
several MHz. These electronics detect small currents that flow in the wires; the currents
arise when the free electrons arrive at the anode plane. The anodes are arranged at dif-
ferent angles in order to allow reconstruction of data in three dimensions when combined
with timing information. The path of a particle may be used to extrapolate the mass and
charge of the ionizing particle. This in turn allows determination of flavor of the created
leptons, which corresponds to the flavor of the interacting neutrino [3].
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(a) A computer construction of the LAr-TPC.
The beamline is directed along the length of the
detector.
(b) A cross section of the LAr-TPC with
cathode and anode planes shown.
Figure 3.5: The liquid-argon time projection chamber to be used at the Homestake mine.
This detector will provide data on the composition of the neutrino beam. Images taken
from [3]
3.3 The Muon Alcove
As previously stated, the majority of particles which traverse the volume following the
absorber are muons and neutrinos. For LBNE, this volume is referred to as the Muon
Alcove and is planned to contain three types of muon detectors. The design descriptions
as well as functionality of the detectors is given in [4]. An ionization array is designed
to detect and measure charged particles passing through it. Gas Cherenkov counters are
designed to sample different parts of the energy spectrum of the muon beam. Finally,
the stopped-muon monitors are designed to measure the composition and absolute flux of
the muon beam. The layout of the Muon Alcove is shown in Figure 3.6 and the general
design of each detector is shown in Figure 3.7.
The ionization array is composed of several ionization chambers strategically arranged
in order to measure the flux of charged particles leaving the absorber. The purpose the
array is to measure the profile of the muon beam as it enters the alcove. The array
will operate while the pulse of muons pass through the alcove. The design assumes 25
ionization chambers operating at 400 V. As charged particles pass through each chamber,
they ionize the material creating a current pulse in the chamber. By comparing the
magnitude of current pulses at each chamber’s position, the flux of muons at that position
and the beam profile may be estimated. The detector design is not sensitive to uncharged
particles, but will be sensitive to any charged particles with high enough energy to ionize
the material.
The gas Cherenkov counters are a set of three gas chambers which diagonally cross
the beam’s cross section and operate during the pulse. The counters operate on the
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principle of Cherenkov radiation; which in short states that charged particles moving
faster than the group velocity (vgroup = c/n) in a medium will radiate light as a directed
cone. Emitted Cherenkov light is bounced off of two mirrors and directed to a photo-
multiplier tubes (PMTs) which sit above the muon beam. The gas chambers will be able
to vary the pressure of the gas, which in turn will alter the index of refraction of the gas.
By changing the index of refraction of the gas, different energy ranges may be sampled
by the amount of light reaching the PMTs.
The stopped-muon monitors (SMMs) are designed to be used at different places in the
Muon Alcove with layers of shielding “blue blocks” separating them. Blue blocks are a
type of standard radiation shield made from steel, and are used to range out lower-energy
muons as the beam travels through the Muon Alcove. The SMMs will operate several
microseconds after the main pulse has passed through the Muon Alcove. The intended
design is that each layer of SMM detectors will sample a different energy of muons which
come to rest in the detectors after the pulse has passed through the alcove. The initial
design of the SMMs had PMTs which detected Cherenkov radiation inside of the water
volume which was encased in graphite. After the pulse has passed through the alcove,
some muons will come to rest inside of the detector and decay. The SMM is designed to
detect and distinguish between interactions resulting from positive and negative muons.
By measuring the number of each type of decay at different initial muon energies, a
measurement of absolute muon flux and beam composition can be made.
Combining the measurements of all muon detectors in the Muon Alcove, the profile,
flux, energy spectrum, and composition of the muon beam may be determined. These
muon beam characteristics may be used to extrapolate the characteristics of the neutrino
beam. In order to verify that the proposed detectors will operate as designed, they must
go through a phase of research and development. The following chapter focuses on the
initial stages of research and development of the stopped-muon monitor.
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Figure 3.6: The layout of the Muon Alcove. Each muon detector measures a different
characteristic of the muon beam. For scale the distance between the and of the absorber
and the beginning of the blue blocks is approximately 6 m. Image modified from [4]
(a) The proposed ionization
counter array. Each gray
cylinder represents and ioniza-
tion chamber.
(b) The proposed gas
Cherenkov counters. The
horizontal tube contains the
gas and a flat mirror at the
front. At the rear a 45◦
mirror is placed to deflect
light to the PMT located off
the top of the image.
(c) The proposed
stopped-muon mon-
itor. Two PMTs sit
on top of the water
volume which is
enclosed in graphite.
Figure 3.7: The three types of muon detectors to be used in the Muon Alcove for LBNE.
Images taken from [4]
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Chapter 4
The Stopped Muon Monitor Design
and Simulation
4.1 The Stopped Muon Monitor
The specifications for the design off the SMM are outlined in the LBNE Conceptual
Design Report Volume III [4]. The stopped muon monitor is designed to measure the
absolute flux and composition of the tertiary muon beam. Composition measurements
require the ability to distinguish signals produced by positive and negative muons. At
low energies, the two muon types will interact differently with matter. The muons which
come to rest, undergo decay with a mean lifetime of τ = 2.196 µs. The decay of muons
is referred to as a Michel decay. In the case of a µ+, a ν¯µ, a e
+ and a νe are emitted – see
Figure 4.1(a). Positive muons which decay in or close to the water volume of the SMM
release a positron with an endpoint energy of 53 MeV [1]. These relativistic positrons
may produce Cherenkov radiation if they enter into the water, which may be detected by
the PMTs.
Negative muons will also decay once they come to rest. Some µ−, however, may be
attracted to an atom and radiate down to the ground state where they may undergo
decay or capture on the nucleus – see Figure 4.1(b). The capture on nuclei provide a
second term to the disappearance of µ−s. The total decay or disappearance rate is given
by eq. (4.1) as
Rate =
1
τtotal
=
1∑
k τk
, (4.1)
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(a) The decay of a µ+ to a e+ and a ν¯µ. (b) Capture of a µ
− on a proton to produce
a neutron and a νµ.
Figure 4.1: Two basic Feynman diagrams showing muon interactions.
where τk is the lifetime of each disappearance mode. The total lifetime must be less than
the smallest term, therefore, the disappearance rate for µ− is greater than that for µ+.
As a result, the µ− population will deplete faster that the population of µ+. A few muon
lifetimes after the beam has passed through the Muon Alcove, most of the µ− has been
depleted and only µ+ decays are directly observed by the SMMs.
In order to detect the µ− which come to rest in SMMs, graphite was selected to
encapsulate the water. Graphite is composed of 12C and serves as a medium for µ−
capture. When a µ− undergoes capture on a 12C nucleus, a 12B nucleus is left behind.
Boron-12 nuclei β decay with an endpoint energy of 13 MeV and a half-life of τ 1
2
=
20.20 ms. [17]. The β rays are electrons which will also emit Cherenkov radiation in
water, but on time and energy scales different those of µ+ Michel decays. Differences in
time scale and energy allow the 12B decays to be distinguished from the µ+ decays. Since
the 12B decays result from µ− capture, a measurement of the beam’s µ− composition may
be made by counting 12B decays.
Referring to Figure 4.2, the SMMs are arranged in layers separated by walls of shield-
ing blue blocks. The purpose of the blue blocks is to range out lower energy muons. A
muon passing through a blue block will, on average, lose 2 GeV of kinetic energy. The
muons will exit the absorber with a wide energy spectrum. While the gas Cherenkov
counter will make measurements of the muon beam energy distribution, the SMMs are
arranged to sample muons at different energies. Only a narrow range of initial muon en-
ergy allows a muon to stop in a given layer. The SMMs are designed to detect individual
muon decays and 12B decays allowing for an estimate of the number of muons at each
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Figure 4.2: A top view of the Muon Alcove. The SMMs are laid out with a 5x5 cross of
detectors at the first layer, followed by several three detector high columns. Each layer
is separated by a wall of shielding blue-blocks. Image taken from [4]
energy. The combined energy distribution and single muon measurements are used in
determining the absolute flux and composition of the muon beam.
4.2 Geant 4
Geant 4 is a Monte Carlo simulation software package developed at CERN with specific
applications to high energy physics [18]. The name Geant is an acronym for geometry
and tracking, which are the main functions for the software. Data files created by Geant
4 are analyzed using another CERN software package called ROOT [19]. Using Geant
4, different geometries for multiple materials may be combined and simulated. A variety
of particles may also be simulated and tracked as they pass through and interact with
matter. Geant 4 may be loaded with particles, materials, and physics models which are
specific to the experiment or detector in question. While particle definitions and physics
models are included in Geant4, not all material properties are included. However, if
the material properties are well understood they may be set up by including densities,
atomic composition, and empirical quantities used to describe specific interactions such
as ionization energy, refractive index, etc. A large variety of physics modelling options
are available for particle interactions in diverse energy regimes through various types of
matter. This makes Geant 4 an ideal candidate for simulating particles passing through
an SMM.
Simulations in Geant 4 work on an event-by-event basis, meaning only one initial
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particle is simulated, though as the particle interacts new particles may be excited or
created. The position, energy, and direction of the particle may be set up to be random
or specified. Passage of particles through matter is tracked in steps from one location to
another rather than continuous movement of the particles. The purpose of transporting
the particles is to calculate interactions at each point through which the particle passes.
The physical processes of the particle may be divided into three categories. The at
rest processes are for interactions which may occur when the particle is at rest. The
along step and post step processes are for moving particles, with along step processes
occurring during transport and post step processes occurring between transports. Each
step is controlled by Geant 4’s tracking category, which selects which physics processes
are involved along and between each step [18].
Information about primary and secondary particles may be stored by Geant 4’s track-
ing category. When creating the simulation, the user may select what particle information
to record along each step. A user may also define hits, which record when a particle has
entered into a region where it would be detected. The combination of tracking data and
hits serve as a cross-check against the validity of the detector. Hits become the virtual
analogue of real world-data that would be recorded by the detector, while tracking data
provides the “true” particle data. Comparison of tracking data and hits allow the user to
determine how the detector’s response to particles would correlate with actual behavior
of the particles. If the detector is found to be inadequate in its ability to detect the
particles in question, then modifications may be made to the geometry or construction
material and the new design may be tested. Geant 4 is a quick and efficient way to test
out detector design before building detector prototypes.
The accuracy of Geant 4 is an important issue to address if it is to be used as a
research and development tool for particle detectors. Basic Geant 4 simulations of simple
physical processes have been performed and compared against well-documented processes.
Figure 4.3 shows one comparison between Geant 4 simulations for two physics models
against data taken from one of the databases of the National Institute for Standards and
Technology (NIST). Several such comparisons have been performed in order to verify that
Geant 4 will provide accurate simulations of particle interactions in matter [5].
The Monte Carlo simulations for the SMM pulled from a physics list which was built
to be an all-inclusive physics template. The template physics list is called the “Simple and
Fast Physics List” and was developed by D. H. Wright at the Stanford Linear Accelerator
Center (SLAC) [20]. The “Simple and Fast Physics list” template allows users to narrow
down the physics used to the processes which are pertinent to the particle being detected.
The purpose of using this physics list, is to include all the physics models needed to
describe optical processes for Cerenkov and scintillation radiation, hadronic processes for
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Figure 4.3: Comparing the mass attenuation coefficient of Al for γ rays of two Geant 4
physics models (Low Energy [•]; Standard [◦]) against actual data taken from the NIST
database [—]. Image taken from [5]
µ− capture and neutron interactions, and electronic processes for emitted positrons from
Michel and beta decays.
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Chapter 5
Simulations of the Stopped Muon
Monitor
5.1 Checking Physical Processes
The original Geant 4 code for the stopped muon monitor was written by a previous
undergraduate research student, Craig Pitcher. It was originally based off of Geant 4
tutorials.The original code produced the geometries and basic material properties of the
detector, but lacked complete physics and particles for the processes of interest. For the
simulations discussed, the physics list and particle definitions were updated and some
additional material properties were modified to accommodate the new physics.
The simulated detector was built to the dimensions outlined in the Conceptual Design
Report (CDR). The detector is simulated by creating geometric volumes with defined
materials. In this case, a cylinder of water was constructed which was encapsulated by
a cylinder of aluminum and a cylinder of graphite. The dimensions are stated in Table
5.1. The aluminum was used to create a thin reflective barrier between the water and
the graphite in order to reflect photons back toward the PMTs. Four smaller cylindrical
volumes were constructed on top of the water volume, inside of the graphite and aluminum
volumes see Figure 5.1. These cylinders were made from vacuum and represented the
PMTs. Four glass disks were placed at the bottom of each vacuum cylinder to act as the
PMT interface with the water volume.
In Geant 4 there is a specific set of models for photons which correspond to visible
light. There is also a distinct particle class called “optical photons”, which corresponds
to photons with wavelengths ranging from 300 − 620 nm. A disk plane was defined to
separate the vacuum and the glass portions of each PMT. These planes were used as a
source for hit recognition. Any optical photons that passed from the glass to the vacuum
through the plane were recorded as a hit for the PMT. There were also several tracking
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Material Outer Radius (cm)
Water 9.91
Aluminum 10.16
Graphite 25.4
Table 5.1: A list of the simulated concentric cylinders used to construct the SMM. Larger
cylinders encapsulate the cylinders which are smaller. The height of each cylinder spans
one radius length above and one radius length below the center of the detector.
(a) The top view of the SMM as
constructed by Geant 4.
(b) The side view of the SMM as
constructed by Geant 4.
Figure 5.1: The top and side view of the simulated SMM. Regions I, II, III, and IV
correspond to graphite, PMTs, water, and aluminum respectively.
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Figure 5.2: The starting x and y-positions of all simulated µ+. It can be seen that the
positions are uniformly distributed throughout the volume.
points that were recorded for each simulation. The entire list of tracking data points
recorded is listed in Appendix A.
The first simulation run with the CDR design had µ+ decay from rest. There were
150,000 muons distributed uniformly throughout the entire volume of the SMM. The
number of optical photons that were recorded as hits was plotted to histograms as a
function of position in the z and r coordinates – see Figure 5.3. The coordinate system
for the Monte Carlo simulations has its origin at the center of the SMM. Geant 4 records
all information in Cartesian coordinates; however, due to the cylindrical symmetry of
the SMM, coordinates are usually translated to z and r values. Here z is the vertical
position along the axis of symmetry and r is the horizontal displacement from the axis of
symmetry.
These simulations were run for proof of process in order to verify that Geant 4 was
running properly. In order to be sure that the Monte Carlo was placing each initial
muon at a random location, the starting position of each muon was plotted. Figure
5.2 indicates that Geant 4 was able to randomly distribute the µ+’s starting positions
throughout the entire volume of the SMM. Although the muons were evenly distributed
through the SMM, the number of hits recorded by the PMTs were highest close to the
center of the volume. Figure 5.3 indicates that muons which started in or near the water
volume correlated to the highest number of recorded hits. Such a result is expected, since
Michel decays whose paths are mostly in the water volume will lose most of their energy
to Cherenkov radiation. Michel decays which occur further from the water tend to lose
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Figure 5.3: The number of hits recorded at the PMTs (per 150,000 µ+ decays) vs z and
r2 positions. The radius is squared in order to accommodate greater area being swept
out as radius increases.
more energy traversing the graphite, before reaching the water where Cherenkov radiation
may be emitted. These results provide evidence that Geant 4 is correctly modelling the
processes dictating decay, transportation, and Cherenkov radiation.
Simulations were run with 100,000 µ+ and 100,000 µ− to find if µ− capture could be
simulated. Muons were started uniformly with the z-position ranging from -5 to 5 cm and
the r-position ranging from 0 to 5 cm. This was done to produce the greatest Cherenkov
signal from the Michel decays without them escaping into the graphite. Since the µ+ do
not capture, they were used as the control. The signal from µ+ was compared against the
signal produced from the µ−. Figure 5.4 shows the two signals with zero hits suppressed
and Figure 5.5 shows a histogram including all hits. The number of events which did not
produce optical photons for µ+ decays was 18, while the 7781 µ− decays did not produce
optical photons. Significantly more µ− than µ+ did not produce Cherenkov radiation,
indicating that µ− capture is functioning as a Geant 4 physics process.
A check was also run to verify that the 12B decays were properly simulated. The
decays of 200,000 12B were simulated and the energies of the emitted electrons were
recorded. Figure 5.6 shows the shape of the spectrum as well as the mean value. The
simulated energy spectrum was compared against empirical values that were recorded
on the NuDat data base for 12B decays [17]. NuDat gives the mean energy to be 6.35
MeV and an endpoint energy of 13.369 MeV. This data compares nicely with the Geant
4 spectrum with a mean of 6.359 MeV and an endpoint just over 13 MeV.
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Figure 5.4: Comparison of signals from positive and negative muon decays. Zero hit
events are not included.
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Figure 5.5: Comparison of signals from positive and negative muon decays including zero
hit events. The peak at zero corresponds to µ− capture on nuclei.
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Figure 5.6: The Geant 4 simulated 12B decay energy spectrum. The histogram has been
normalized so that sum of entries is 1.
5.2 Simulations using the CDR Design
Using the same geometries described in the previous section, three types of particle were
simulated in order to best understand the SMM response. µ+ and 12B were simulated to
analyse the SMMs response to the decays which the LBNE needs to observe. Fast and
thermal neutrons were also simulated since they are a common background to accelerator
neutrino experiments. They are knocked loose in the absorber and proceed to travel
through absorber and into the Muon Alcove. Determination of the neutron spectrum
after the absorber is beyond the scope of this project. However, neutrons of different
energies were simulated in order to determine the detector response to fast and thermal
neutrons.
The range of relevant neutron energies was estimated by assuming that the highest
energy neutrons had enough kinetic energy to travel from the absorber to the last column
of SMMs in only a couple of muon lifetimes. The calculation yields that the highest kinetic
energy fo the neutrons should be in the sub-MeV range. The simulated energies of the
neutrons started higher at 10 MeV. Several simulations were run from 10 MeV decreasing
by orders of magnitude to 10 eV. In order to best understand the signal produced from
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Figure 5.7: The number of optical photons at PMTs for neutrons starting in the water
volume from 10 MeV to 10 eV.
neutron interactions, neutrons were simulated starting in the water volume. The 10 MeV
and 1 MeV neutrons were started with a uniform momentum and direction, to simulate
fast neutrons created by the pulse. At energies below 1 MeV, the neutrons were started
in the water volume, but with random directions to simulate neutrons which arrived in
the detector after many collisions.
Neutron decay was turned off for the simulations, because the neutron lifetime is
several minutes which is much longer than the operating time of the SMM. Simulations
at each energy were composed of 1× 106 events. Only events which produced 1 or more
optical photons at a PMT were recorded to prevent massive data files. The number
of optical photons at the PMTs were plotted to a histogram for each energy in order
to see energy dependence of the observed signal. Figures 5.7 and 5.8 shows the signal
produced from 10 MeV to 10 eV neutrons. The neutrons produced smaller signals at
higher energies. The 10 eV neutrons produced the strongest signal which ranged between
1 to 500 optical photons at the PMTs.
The µ+ signal was plotted using the same set of simulations discussed previously.
The µ+ were started uniformly throughout the entire volume of the detector. Figure
5.9 shows the histogram of number of hits produced by each µ+ decay with zero hit
events suppressed. The number of optical photons which reach the PMTs ranges from
1 to almost 6,000 with the majority of events below 4,000. Although the neutron signal
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Figure 5.8: The number of optical photons at PMTs for neutrons starting in the water
volume from 10 MeV to 10 eV on a log scale.
overlaps part of the signal produced from µ+ decays, timing information for each signal
will assist in distinguishing the two signals. The timing of the muon signal will be short
in terms of the total operation time of the SMM, and the number of events will decrease
exponentially. The arrival times of the neutrons will be spread out over the operation
time of the SMM.
The 12B were simulated only in the graphite volume of the SMM, since this was
the only region where µ− capture on 12C is possible. The number of 12B simulated
was 200,000. Figure 5.10 shows the range of optical photons at the PMTs with zero hit
events suppressed. The range for 12B is close to the same for that of the simulated neutron
background. The overlap in ranges may be an issue since for low hit events there may not
be enough timing information to distinguish 12B decays from neutron interactions. Figure
5.11 indicates that most of the observed events came from 12B decays within the first few
cm of graphite. This is because the graphite beyond the first few cm surrounding the
water begins to act as a shield preventing beta decay electrons from entering the water.
Distinguishing 12B decays as well as possible is necessary to measure the muon beam
composition; however, the signal produced by decays within the graphite is so weak that
making a precise measurement of µ− content becomes difficult.
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Figure 5.9: The number of optical photons at PMTs for µ+ uniformily distributed through
the entire detector volume.
5.3 Issues with the CDR Design of the SMM
Examination of the signals produced by neutrons, µ+, and 12B indicate that there are
some issues with the CDR design of the SMM. First, the neutron signal is greatest for
low-energy thermal neutrons. If it is found that there will be a high flux of thermal
neutrons in the Muon Alcove during the time of operation of the SMMs, the neutron
background could interfere with detection of µ+ and 12B. Second, the signal produced by
12B decays in graphite is weak. The weak signal is the result of the graphite acting as a
shield for 12B decays which occur at a depth greater than a few cm. Both issues require
modification to the design of the SMM.
One potential solution to the neutron background may be to include a neutron shield-
ing material to encapsulate the SMM instead of graphite. A shield would help to reduce
the number of neutrons which enter into the detector. However, without knowing the
neutron flux or energy spectrum, the optimal shielding for the detector cannot currently
be determined. Shielding material must wait until an analysis of the neutron background
in the Muon Alcove has been completed. Potential shielding materials include borated
polyethylene, water, and concrete which has a high water content.
A simulation of 200,000 12B decays was run inside of the water volume to determine
the profile of unhindered decays. Figure 5.12 shows the distribution for the number of
optical photons at PMTs. In water, the signal produced by 12B decays is much stronger
and peaks around 200 optical photons at the PMTs. In reality, 12B will not be produced
in water, since there are no 12C upon which the µ− could capture. This result indicates
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Figure 5.10: The number of optical photons at PMTs for 12B simulated throughout the
graphite volume of the SMM.
that the water volume should be replaced with a transparent liquid with a high carbon
content where 12B decays could occur unshielded. The prerequisites for such a fluid
would be high transparency, low scintillation light yield, high carbon content, radiation
hardness, and resistance to biological growth.
A potential replacement which fits all the criteria is ethanol (C2H6O). However,
ethanol is flammable and it is unclear how it would behave in a closed environment with
high levels of radiation. Mixing ethanol with water to reduce the flammability was con-
sidered, since both ethanol and water do not scintillate. However, fluorescence is closely
related to scintillation, and ethanol mixed with water has fluorescent qualities. The
fluorescence results from organized structures of water molecules forming around the hy-
drophobic ethanol molecules [21]. Because of these physical characteristics, both ethanol
and ethanol-water mixtures were dismissed as potential water volume replacements.
A second candidate material, whose scintillation properties are well understood and is
resistant to biological growth, is mineral oil (CH2). Marcol 7 was a mineral oil produced by
Exxon Mobil, the properties of which have been extensively studied. Marcol 7 was used to
fill a Cherenkov detector used in an accelerator neutrino experiment called MiniBooNE at
Fermilab. Tech-notes on Marcol 7 that were developed through experiments to determine
its properties have been used to simulate the Marcol 7 using Geant 4. The scintillation
light yield of the oil was determined to be 4.7 ± 0.1 ± 0.7 photons/MeV [22]. The
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Figure 5.11: Position dependence of the number of hits detected vs z and r2 positions.
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Figure 5.12: The number of optical photons at PMTs for 12B simulated throughout the
water volume of the SMM.
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attenuation length was measured to be 26.45 ± 0.59 m and the refractive index was
measured as 1.4620 [23]. These empirical quantities were sufficient to create simulated
Marcol 7 using Geant 4. It should be noted that while Marcol 7 is no longer produced by
Exxon Mobil, there is a large reserve quantity located at Fermilab which may be procured
for use in the SMMs.
One other change was made to the Geant 4 simulated SMM. A volume of scintillating
oil was added between the graphite shell and the aluminum shell, except for part of the top
where the PMTs are located. Such a scintillating veto would operate by producing vast
amounts of scintillation radiation when charged particles pass through it. The light would
then travel through wavelength shifting fibers to another PMT. The purpose of the veto
is to see if its signal may be used in tandem with the signal from the Cherenkov volume
to determine if observed events originated inside the Cherenkov volume – referred to as
fully-contained events. The material used to simulate the scintillating veto was based off
of a Sigma-Aldrich product which has a toluene (C7H8) base and is doped with two types
of scintillating materials; POPOP at a density of 1.25 g/L, and PPO at a density of 100
g/L.
5.4 Simulations with the Revised Design
5.4.1 Light Yield Changes
The revised Geant 4 SMM design is shown in Figure 5.13 with the scintillating veto and
mineral oil included. Neutron backgrounds, µ+ decays, and 12B decays were all simulated
again. Figures 5.14, 5.15, and 5.16 compare the signals produced from 177,000 particle
interactions in water against the same number of interactions in Marcol 7. The shape of
each histogram is pushed to a higher range of optical photons at PMTs. Since the Marcol
7 has scintillation and a higher refractive index, it is unclear whether this shift is due to
scintillation light or more Cherenkov radiation.
To determine if the shift of the signals came from scintillation light or Cherenkov
radiation, the same simulations were run in mineral oil with the same properties expcept
for scintillation light yield which was varied for each run. The light yield was assigned
values of: 0, 0.6, 1.2, 2.5, 4.7, 50, and 200 photons/MeV. The results are shown in Figures
5.17, 5.18, and 5.19.
The low scintillation light yields, from 0 to 4.7, occupy nearly the same portion of the
histograms. The high scintillation light yields have a much higher range for number of
optical photons at the PMTs. The difference between low and high scintillation light
yields implies that the shift of the signal between water and Marcol 7 was a result of the
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(a) The top view of the revised
SMM as constructed by Geant 4.
(b) The side view of the revised
SMM as constructed by Geant 4.
Figure 5.13: The top and side view of the revised SMM. Regions I, II, III, IV, V correspond
to graphite, PMTs, mineral oil, the scintillating veto, and aluminum respectively.
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Figure 5.14: Simulations of 177,000 µ+ in water and Marcol 7.
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Figure 5.15: Simulations of 177,000 12B in water and Marcol 7.
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Figure 5.16: Simulations of 177,000 10 eV neutrons in water and Marcol 7.
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Figure 5.17: Simulations of 177,000 µ+ in mineral oil with varying light yield.
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Figure 5.18: Simulations of 177,000 12B in mineral oil with varying light yield.
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Figure 5.19: Simulations of 177,000 10 eV neutrons in mineral oil with varying light yield.
increased index of refraction. Since the scintillating qualities of Marcol 7 are very weak
compared to the Cherenkov signal, the change from water to Marcol 7 would allow for a
stronger Cherenkov signal without distortion from scintillation light. The Marcol 7 would
also provide 12C for µ− capture, and allow almost all of the 12B decays to be detected.
All of the same neutron energies were simulated again in order to verify that the
signal did not drastically change from that in water. Figure 5.20 shows the distribution
for numbers of optical photons at the PMTs for neutrons ranging from 10 MeV to 10
eV. The shape of the histograms follows the same shift as discussed earlier, across all
energies.
Neutrons which undergo capture on a hydrogen nucleus release a 2.2 MeV photon. The
photons emitted by the neutron capture may produce e+ and e− pairs or disperse through
scintillation. A further simulation was done with only 2.2 MeV photons to determine what
part of the neutron background was due to neutron capture on hydrogen nuclei. Figure
5.21 shows the comparison of the 10 eV neutrons signal to the signal produced by 2.2
MeV photons. The general area of overlap is from 0 – 200 optical photons at PMTs,
implying that a significant portion of the detectable neutron background results from
neutron capture on hydrogen.
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Figure 5.20: Simulations of 10 MeV to 10 eV neutrons to see the effect of Marcol 7 on
the neutron background. Zero hit events are not included.
Figure 5.21: A comparison of 10 eV neutrons with 2.2 MeV photons, both histograms do
not inclue zero hit events. The region of overlap is the first part of the neutron histogram.
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Figure 5.22: Part of the distibution of optical photons created in the scintillating veto.
5.4.2 Veto Studies
Simulations of µ+ were run to determine if the scintillating veto would function to dis-
tinguish events which were fully contained by the mineral oil. The scintillating veto has
a light yield of approximately 14,000 photons/MeV. The large light yield is likely to be
offset by the wavelength shifting fibers, which will serve as a wave guide for the scintil-
lation light to the PMT. Currently, the fibers are not part of the Geant 4 simulation. In
order to select what cut to use for the veto, a histogram of the optical photons created
by µ+ decays in the veto was created – see Figure 5.22. The histogram has a minimum
near 16,000 optical photons created, after which the distribution then rises again. This
minimum was used as a threshold for veto cuts. Events with optical photon values below
16,000 were assumed to be fully contained within the mineral oil volume. Figure 5.23
shows the distribution for all simulated µ+, as well as the distribution with the cut and
the distribution for muons which started in the mineral oil and also had the cut applied.
The total number of muon decays in Figure 5.23 is approximately 820,000. The
histogram of events with the veto cut indicates that approximately 20.7 % of the muon
decays were fully contained, while the muons which actually started in the mineral oil and
with the veto cut was approximately 14.9 % of the muon decays. The difference between
the veto cut for all decays and the veto cut for muons starting in the mineral oil may
result from the scintillating veto only partially containing the mineral oil. The PMTs
prevent the liquid scintillator from covering the much of the top area of the mineral oil.
This region would allow Michel decays from outside of the mineral oil volume to enter
into the mineral oil and produce a signal without being detected by the scintillating veto.
If the cut on data includes muons which started in the region above the mineral oil where
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Figure 5.23: Comparisons of all µ+ decays against the veto cut and the events which
started in the mineral oil. Events with zero hits are suppressed.
there is no scintillator and muons which started in the mineral oil, then approximately
17.7 % of all muon decays are included. The remaining difference may arise from muons
which start on the inside edge of the veto with the Michel decays passing quickly into
the mineral oil without producing a large veto signal.
More analysis should be done on the scintillating veto in order to determine if the veto
design is realistic. The ability of the wavelength shifting fibers to transport scintillation
light from the veto to a PMT should be examined. However, the first simulations with
the scintillating veto indicate that if a veto is included in the SMM design, it may be
able to identify fully contained events.
5.5 Additional Neutron Background
Additional neutron backgrounds may produce signals in the SMM [24]. Neutrons may
capture on 12C to produce 13C which is stable. A muon capture on 13C would produce
a 13B. The decay of 13B has a half-life of τ 1
2
= 17.36ms and an endpoint energy of
approximately 13.4 MeV. These values are not far off from those of 12B which are τ 1
2
=
20.20ms and approximately 13.37 MeV. A detected 13B decay would produce a similar
signal to 12B and would also correspond to a µ−. Therefore, neutron capture on 12C
would not alter measurements of µ− content.
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There is however a background which may be irreducible is fast neutron scattering off
of 12C. Neutrons with energy greater than 13.64 MeV may interact with the stationary
12C in the reaction n+12C→12 B+p. The reaction produces 12B which would later decay,
creating false positives for 12B decays associated with µ− capture. This background must
be well understood before the SMM may be used to detect 12B decays. If the neutron
energy spectrum after the absorber indicates that neutrons will scatter off of 12B in
this manner, then the SMM may not be a feasible detector to use for µ− composition
measurements.
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Chapter 6
LBNE Simulations and Future
Analysis
6.1 G4LBNE Simulations
One member of the University of Colorado neutrino group, Rob Johnson, built a Geant
4 simulation of the LBNE near–site called G4LBNE. In the context of this thesis, the
simulation is used to analyze how the muons which pass through in the Muon Alcove
correlate to neutrinos which pass through the far detector. Protons are simulated inter-
acting with the stationary target to produce the secondary meson beam. The daughter
particles are tracked through the focusing horns, down the decay pipe, and through the
absorber. Since many daughter particles may be produced in these simulations, some of
the lower energy particles are not tracked. When this occurs, the stored data will include
an importance weight for the particles which are tracked. The weighting allows analysis
to be done with limited particle information as if all the particle had been tracked and
averaged. Neutrinos that are simulated in these interactions also receive an importance
weight.
Neutrinos produced in the simulation will be forced to pass through a small solid
angle, which corresponds to the solid angle occupied by the far detector. This process
allows the population of neutrinos which pass through the far detector to be much greater
than the population if the neutrinos decayed isotropically. However, the neutrinos must
then receive a second weight, called the far weight, which gives the probability that the
neutrino actually would have passed through the far detector. The far weight prevents
the need for large numbers of proton simulations to be run; such simulations would return
little information about the neutrino beam for each event and would require unrealistic
time and storage space.
Using the G4LBNE simulations, the energy spectrum of the muons after the absorber
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was examined. The energy spectrum was also divided into sections by the muon’s parent-
age. Pions are expected to be the main contributor of muons since they almost exclusively
decay to muons and neutrinos. This includes the high–energy tail of the energy spectrum
– see Appendix B. Figures 6.1, 6.2, 6.3, and 6.4 show the energy distribution for positive
and negative muons exiting the absorber. The figures reflect what is predicted in terms
of muon energy and parentage. Most muon energies should be in the low GeV range, and
the kaons make a smaller contribution to the muon population.
By knowing the percentage of muons in the Muon Alcove which come from π decays,
weights may be applied to the information gathered about the muon beam. The weights
provide a good estimate of how much of the muon beam came from two–body decays
with neutrinos. The weighted information may be used to extrapolate information about
the neutrino beam at the near–site.
6.2 Future Analysis
The correlation between the muon beam at the near–site and the neutrino beam of the
far–site is the next step in understanding the utility of the SMM. The G4LBNE simulation
provides the means to compare the tertiary muon beam that passes through the absorber
with the tertiary neutrino beam that passes through the far detector. The two beams
will mostly originate from secondary π decays. By comparing the two tertiary beams as
a function of the secondary π beam’s phase space, the correlation between the tertiary
beams may be found. Once this correlation is understood, the signals produced by the
SMMs and other µ detectors will be analyzed to see if they are able to provide sufficient
information about the neutrino beam. This information will serve to provide fits to the
actual Muon Alcove data to predict what the neutrino beam characteristics at the far–site
should be, which may then be compared against the actual data from the far–site.
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Figure 6.1: Negative muon energy after the absorber with parentage information.
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Figure 6.2: Negative muon energy after the absorber with parentage information. Vertical
log scale.
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Figure 6.3: Positive muon energy after the absorber with parentage information.
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Figure 6.4: Positive muon energy after the absorber with parentage information. Vertical
log scale.
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Chapter 7
Conclusion
This thesis has reviewed the stopped muon monitor’s function in LBNE. The CDR design
has been reviewed, as well as the use of Geant 4 to simulated the SMM. The SMM’s
response to µ, 12B, and neutrons were presented. The signal produced by µ decays was
much stronger than that produced by 12B and neutrons. Most of the 12B decays would
not be detected with the CDR design. Modifications to the SMM included: removing
the graphite shell as the source for µ− on 12C; exchanging water for mineral oil as the
Cherenkov medium; and including a scintillating veto to identify fully contained events.
The mineral oil provided 12C for µ− capture within the Cherenkov volume which increased
the strength of the 12B signal. Positive muon decays in the mineral oil were similar in
signal to decays in water, but with an increase in strength due to the oil’s higher index
of refraction. The simulated neutron signal in mineral oil was also comparable to that in
water. Initial analysis of the scintillating veto indicates that it may be used to distinguish
fully contained events, though future simulations should include the wavelength shifting
fibers. Modification to the SMM’s design are sufficient to determine that a prototype of
the SMM would be able to identify µ+ and 12B decays.
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Appendix A
A list data that were recorded in the SMM simulations.
Variable name of recorded datum Information recorded
fNHits The number of optical photons that were recorded
as hits per event.
fNPhotons The number of optical photons that were created
in the Cherenkov material volume per event.
fSNPhotons The number of optical photons created in the scin-
tillating veto volume per event.
fPlaneX cm
The x, y, and z coordinates of the hit on the
PMT plane.
fPlaneY cm
fPlaneZ cm
fPlaneT ns The time after the start of the simulations, that
the hit was recorded
fTrackX cm
The x, y, and z coordinates of an optical photon
for each step.
fTrackY cm
fTrackZ cm
fPrimePosX cm
The initial x, y, and z coordinates of the
primary particle.
fPrimePosY cm
fPrimePosZ cm
fPrimeMomX
The initial x, y, and z components of the
primary particle’s momentum.
fPrimeMomY
fPrimeMomZ
fWavelength nm The wavelength of each optical photon created.
lPrimePosX cm
The initial x, y, and z coordinates of the
secondary leptons.
lPrimePosY cm
lPrimePosZ cm
lPrimeMomX
The ini4Momtial x, y, and z components of a
secondary lepton’s momentum.
lPrimeMomY
lPrimeMomZ
lDefinition The Particle Data Group code for the lepton.
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Appendix B
Recalling that the tertiary muon and neutrino beams result from secondary meson decays,
it may be shown that the high energy tail of the neutrino beam will come from two–body
kaon decays while the high energy muon tail of the muon beam will result from two–body
pion decays. This is done by looking in the meson center–of–mass frame where the muon
and neutrino will have equal and opposite momentum. The sum of the two 4–vectors
describing the muon and the neutrino may be written as


Eµ
Pµ1 ∗ c
Pµ2 ∗ c
Pµ3 ∗ c

+


Eν
Pν1 ∗ c
Pν2 ∗ c
Pν3 ∗ c

 =


Eµ + Eν
Pµ1 ∗ c + Pν1 ∗ c
Pµ2 ∗ c + Pν2 ∗ c
Pµ3 ∗ c + Pν3 ∗ c

 =


Eµ + Eν
0
0
0

 (1)
with Eµ =
√
~P 2µc
2 +m2µc
4 and Eν = ~Pµc
in the massless neutrino approximation. Here m is the mass of the muon and ~Pµ is the
muon momentum 3–vector. This is true since Pµj = −Pµj in the CM frame. The scaler
product of this new vector with itself must be equal to the scaler product of the original
meson 4–vector with itself by conservation of energy. The result in terms of the meson
mass M is,
M2c4 = 2~P 2µc
2 +m2c4 + 2~Pµc
√
~P 2µc
2 +m2µc
4 . (2)
The result may be used to solve for the magnitude of the muon 3–momentum in the
CM frame given as,
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Pµ =
Mc
2
(
1− m
2
M2
)
. (3)
The energy may then be boosted to the lab frame using a Lorentz transformation. The
transformation is given as,


E
′
µ
Pµ1 ∗ c′
Pµ2 ∗ c′
Pµ3 ∗ c′

+


γ ±βγ 0 0
±βγ γ 0 0
0 0 1 0
0 0 0 1

 =


Eµ
Pµ1
Pµ2
Pµ3

 . (4)
The γ and β are the normal Lorentzian quantities and may be solved solved for in
terms of M. Recalling that relativistic energy of the meson is EM = γMc
2 it may be
shown that
γ =
EM
Mc2
and ± β =
√
1− M
2c4
E2M
. (5)
Combining equations 7 and 7 it may be shown that for a decay along the direction of
motion of the meson, the boosted muon and neutrino energies are written as:
E
′
µ =
EM
2
(
1− m
2
M2
)(
1±
√
1− M
2c4
E2M
)
(6)
and E
′
ν =
EM
2
[(
1 +
m2
M2
)
±
√
1− M
2c4
E2M
(
1− m
2
M2
)]
. (7)
With ± indicating decays parallel and anti–parallel to the direction of motion. For
decays perpendicular to the direction of motion, the boosted muon and neutrino energies
are written as:
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E
′
µ =
EM
2
(
1− m
2
M2
)
(8)
and E
′
ν =
EM
2
(
1 +
m2
M2
)
. (9)
All decays in other directions may be written as a linear combination of these two sets of
decay equations.
By examination, the muon will be boosted to higher energies if the meson mass is
closer to the muon mass. The opposite is true for the neutrino which receives a greater
boost when the meson mass is much larger than the muon mass.
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